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INTRODUCTION
Phytophthora ramorum is an invasive species causing sudden oak death and ramorum blight. In the U.S., P. ramorum has spread into forests in coastal California and a small portion of southwestern Oregon and has been found on nursery stock in a number of states (including some on the east coast). It has been recovered from bodies of water adjacent to infested nurseries (1, 6) . A Federal Order was established in 2005 and revised in 2012 (21) , that restricted movement of nursery stock out of three states (California, Oregon, and Washington). The use of fungicides in nurseries can make quarantine difficult. Many chemicals registered to control Oomycetes are growth inhibitors rather than substances that kill the pathogens. Such chemicals are used routinely against common Oomycete pathogens, and might delay symptom development in regulated organisms such as P. ramorum. The Federal Order specifies the inspection of nurseries that ship host plants out of infested areas. Host plants must be sampled and found free of P. ramorum before interstate shipment and "… the inspector should take nursery fungicide programs into consideration" when evaluating results. If a nursery is found to test positive for P. ramorum, the Animal and Plant Health Inspection Service's Confirmed Nursery Protocol (22) specifies that no fungicides registered for use on Phytophthora should be used in quarantined blocks of plants.
A number of fungicides have been tested on foliage for their efficacy against P. ramorum and their ability to suppress symptoms (2, 4, 7, 8, 18) . However, the roots of many plants can also become infected by P. ramorum (9, 10, 12) , and the effect of fungicides on root infection or the production of inoculum from roots is not known.
Although efficacy tests have been done for the control of ramorum blight, it is still important to understand the effect of growth-inhibiting fungicides on detection and on root infection. Tests used Rhododendron plants already infected with P. ramorum, which were then treated with fungicides labeled for use on Phytophthora (fosetyl-Al, mefenoxam, and propamocarb) and the foliage sampled over time to see if the fungicide prevented culturing of the pathogen from infected leaf tissue or interfered with real-time PCR or ELISA. The foliage of Rhododendron is ideal for this type of test, since large welldefined lesions are formed (Viburnum leaves, in comparison, have small ill-defined lesions). However, the roots of Rhododendron are difficult to work with, so roots of Viburnum cuttings were inoculated with P. ramorum and then treated with fosetyl-Al, mefenoxam, or propamocarb as soil drenches. In tests of root infection done previously (15) , Viburnum and Rhododendron behaved similarly. The amount of inoculum inflow through water samples taken weekly for 5 weeks was quantified and the percent root colonization determined at the end of the experiment.
EFFECT OF GROWTH-INHIBITING FUNGICIDES ON DETECTION USING CULTURE MEDIA, PCR OR ELISA
All work was conducted in containment under APHIS permit for P. ramorum. The pathogen isolate (NS-5C), originally recovered from Camellia sasanqua 'Bonanza' in California in 2003, contains the same single nucleotide polymorphism profile as known isolates of U.S. clonal lineage NA1 typically found in California forests and nurseries (3) and causes disease on a wide array of plants (8, 11, 12, 13, 15) . Rhododendron x 'Nova Zembla' (28 to 32 plants in 16-cm-diameter pots per experiment) was inoculated by briefly (10 sec) inverting foliage of each plant into a sporangial suspension of P. ramorum (approximately 2000 sporangia/ml as counted using a haemocytometer) prepared as described previously (19) , by placing mycelial plugs from 2-week-old cultures on V8 agar into a sterile 1% soil extract solution for 48 h. ., Greensboro, NC) applied to foliage using a pump-sprayer at 3.0 g/liter, 1.5 ml/liter, or 0.08 ml/liter, respectively. Control plants were sprayed with water alone. The plants were then placed in a greenhouse at [20] [21] [22] [23] [24] [25] [26] o C and sampled weekly (beginning on day 3) by taking tissue samples from the edge of lesions (or from symptomless plant tissue in negative controls) on each plant using a hole-punch (6-mm diameter). Six to eight discs (from 6-8 lesions) were taken from each plant at each sampling date. Samples were taken until insufficient lesion area remained for further samples (7 weeks in the first replicate, 5 weeks in the second, and 9 weeks in the third). Leaf discs were plated on pimaricin-ampicillin-rifampicin-PCNB-hymexazol (P 5 ARPH) selective media for 2 weeks and the number of disks that were colonized was recorded for each plant. Experiments were replicated 3 times. In experiments 2 and 3, when discs were taken for plating on selective media, 7 discs per plant were taken for analysis by a PCR detection method specific for P. ramorum and an ELISA test specific for the genus Phytophthora. Leaf discs were placed into sterile 1.5 ml microfuge tubes and homogenized in liquid nitrogen, then 1 ml GEB2 buffer at pH 6.5 was added. Genomic DNA was extracted from 400 uL aliquots of plant homogenate using the Qiagen DNeasy Plant Mini Kit (Qiagen, Cat. # 69106). Real-time PCR was run using the ABI Prism 7700 Sequence Detection System, SDS (Applied Biosystems, Foster City, CA), using primers and procedures developed for P. ramorum by Tooley et al. (20) . Cycling conditions were 50°C for 2 min, 95°C for 10 min, and 60 cycles of 95°C for 15 s and 55°C for 1 min. PCR data acquisition and analysis were performed using the TaqMan data worksheet and software according to the manufacturer's instructions. The cycle threshold (Ct) values for each reaction were calculated automatically by the ABI Prism sequence detection software (version 1.6.3) by determining the PCR cycle number at which the reporter fluorescence exceeded background. The remainder of the plant tissue homogenate was tested by ELISA using the Phytophthora PathoScreen Kit (Agdia, Cat. # PSA 92600).
The effect of growth-inhibitors on the recovery of P. ramorum from foliar tissue was analyzed statistically for the first 6 samples in each experiment after percent colonization of leaf disks was transformed using the arcsin square root. The transformed variable was analyzed by random coefficient analysis using the mixed model analysis of covariance program in SAS (PROC MIXED, SAS Institute Inc., Cary, NC) to take into account that the same plants were sampled over time. The terms in the random statements (experiment and day) were used as random in the random coefficient analysis while the test variable was considered fixed. Pairwise treatment differences were compared using the least significant difference (LSD) at each sampling time.
When P. ramorum-inoculated Rhododendron plants were treated with fosetyl-Al , mefenoxam, or propamocarb and compared to water-treated plants, fixed effects treatment, daytreatment, and day-day-treatment were significant (P < 0.0004),
showing that in the overall regression model, there were differences among treatments (Fig. 1) . Differences of Least Squares Means for each day showed that on days 3, 10, 17, 24, 31, and 38, recovery of the pathogen from infected tissue was significantly reduced in plants treated with mefenoxam (P < 0.0001, 0.0001, 0.0001, 0.002, 0.01 and 0.05, respectively). PCR and ELISA run on tissue samples taken at the same times always tested positive for inoculated plants no matter what sampling time or fungicide treatment they received and tested negative in controls.
EFFECT OF FUNGICIDES ON INOCULUM PRODUCTION FROM ROOTS
Cuttings of Viburnum tinus 'Compactum' (syn. 'Spring Bouquet') were produced by dipping the stem end in Hormodin 2 (OHP Inc., Mainland, PA; active ingredient Indole-3-butyric Acid 0.3%) and then planting in Turface MVP (a calcined, montmorillonite clay substrate medium manufactured by Profile Products LLC, Buffalo Grove, IL). Cuttings were grown for 5-6 weeks, when adventitious roots with lateral root development were present. Plants were tested for inoculum production on roots using an assay developed to quantify P. ramorum inoculum in flow through water (14) . Twelve plants were inoculated by pouring 50 ml of a sporangial suspension (500 sporangia/ml) over each root system established in approximately 80 ml of Turface
FIGURE 1
Recovery of P. ramorum from leaf discs taken from the margins of lesions from plants sprayed with fosetyl-Al (3.0 g/liter), propamocarb (1.5 ml/liter), mefenoxam (0.08 ml/liter), or water alone 3 day after inoculation. (A) Percent recovery over time, with error bars denoting standard error. ( B) Percent recovery after arcsin square root transformation and analysis by a regression mixed model analysis of covariance. Data at each sampling time was compared using Least Squares Means and treatments followed by different letters differed significantly.
and
granules (and any residual inoculum from infested plants). Plants were then transplanted into 50 × 20 mm plastic pots containing approximately 100 ml of clean Turface. The bottom of each pot was lined with plastic mesh (pore size ca. 0.5 mm) for easy drainage. After inoculation, plants were kept in a controlled-environment chamber set at 20 o C with a 14-h photoperiod. Four days after inoculation, six of the inoculated plants and two of the negative controls were treated with fosetylAl, mefenoxam, or propamocarb (root drenches at the same rates as the Rhododendron foliar applications). Each treatment had its own plastic tray so that water from one treatment did not contact plants from another treatment. Water was maintained at a depth of 1 cm in trays, added to the tray and not poured through the pots. Trays from a given experiment were moved randomly to different positions within the growth chamber at each sampling time. Flow through water was sampled at 7, 14, 21, 28, and 35 days after inoculation. Sampling consisted of pouring enough distilled water through the pot to collect 20 to 25 ml of the flow through water into a plastic centrifuge tube. Flow through water was subsampled using a plastic syringe to add 1 ml aliquots to each of three plates of P 5 ARPH. Plates were swirled to distribute a film of water over the entire surface, and then incubated at 20 o C. Plates were examined weekly for 3 weeks and all colonies counted using a dissecting microscope with dark-field illumination (under which colonies of P. ramorum are characteristically highly refractive) in order to quantify the colony-forming units per ml of flow through water. At the end of the experiment, roots were washed and then surface-sterilized for 30 sec in 0.025% sodium hypochlorite, rinsed in distilled water for 30 min, and then 1-cm segments plated on P 5 ARPH selective medium. Ideally, 80 root segments per plant were plated. After a 2-week incubation at 20 o C, colonies from plated roots were counted to determine percent infection.
Inoculum in water over time for infected roots was analyzed after "colonies per pot" was transformed using a logarithmic (base e) transformation with "0" values replaced by "1" to retain low counts on the log scale. The transformed variable was analyzed by random coefficient analysis using mixed model analysis of covariance program (to take into account that the same plants were sampled over time). Pairwise treatment differences were compared using the least significant difference (LSD) at each sampling time. The amount of inoculum produced by each plant could be totaled for the entire experimental time period to get "total colonies per pot" for each plant. This was analyzed by general linear models (GLM) in SAS and treatment means compared using LSD to test the treatment differences. Percent root colonization at the end of the experiment was analyzed by GLM after performing an arcsin square root transformation to normalize data and treatments were compared by using LSD to test the treatment differences.
When P. ramorum-inoculated cuttings treated with fosetyl-Al were compared to water-treated plants, fixed effects treatment, day-treatment, and day-day-treatment were not significant (P < 0.28, 0.36, and 0.31, respectively), showing that in the overall regression model measuring curve functions, fosetyl-Al did not affect viable inoculum production (Fig. 2) . However, Differences of Least Squares Means Tests for each day showed that at each sampling period (days 7, 14, 21, 28, and 35), inoculated V. tinus cuttings treated with fosetyl-Al gave off significantly less viable inoculum than inoculated cuttings with water (P < 0.01, 0.001, 0.001, 0.001, and 0.022, respectively). When total inoculum produced over the course of the experiment was analyzed, viable inoculum production was decreased in fosetyl-Al -treated plants (P < 0.0007). Using GLM to compare percent root colonization (after an arcsin square root transformation), fosetyl-Al -treated plants were found to have reduced root colonization (P < 0.015), 33.5% in fosetyl-Al plants compared to 45.5% in water-treated plants. Inoculum of the pathogen was not detected from flow through water from negative control plants and no infection by the pathogen was seen in negative control roots.
In experiments where P. ramorum-infected cuttings were treated or not treated with mefenoxam (Fig. 3) , fixed effects treatment, day-treatment, and day-day-treatment were significant (P < 0.04), showing that mefenoxam significantly changed the regression equation for treated plants and caused an overall decrease in viable inoculum production, with Differences of Least Squares Means for each day showing a decrease in viable inoculum production from mefenoxam-treated plants on days 7, 14, 21, 28, and 35 (P < 0.02, 0.0001, 0.0001, 0.0001, and 0.0013, respectively). When total inoculum produced over the course of the experiment was analyzed, viable inoculum production was
FIGURE 2
Viable inoculum production from P. ramorum-infected roots of Viburnum tinus with or without application of fosetyl-Al as a soil drench (3.0 g/liter) at day 4: predicted and measured colony forming units (CFU)/pot after log transformation and analysis by a mixed model analysis of covariance. Data at each sampling time was compared using Least Squares Means and treatments followed by different letters differed significantly.
FIGURE 3
Viable inoculum production from P. ramorum-infected roots of Viburnum tinus with or without application of mefenoxam (0.08 ml/liter) as a soil drench at day 4: predicted and measured Colony forming units (CFU)/pot after log transformation and analysis by a mixed model analysis of covariance. Data at each sampling time was compared using Least Squares Means and treatments followed by different letters differed significantly.
significantly 6 .6% infection compared to 31.7% in water-treated plants.
When P. ramorum-inoculated cuttings of V. tinus-treated with propamocarb were compared to water-treated plants (Fig. 4) , fixed effects treatment, day-treatment, and day-day-treatment were not significant (P < 0.94), and Differences of Least Squares Means for each day showed no significant difference between treatments. A GLM analysis of total viable inoculum over the course of the experiment showed no significant effect of propamocarb (P < 0.74). Root colonization at the end of 35 days was not affected by fungicide treatment (P < 0.59) with 33.1% and 35.8% infection in propamocarb-treated and water-treated plants, respectively.
DISCUSSION
In attached Rhododendron leaves, only mefenoxam prevented the detection by culturing of P. ramorum from infected foliage during the first 5-6 weeks after treatment, although PCR or ELISA tests were always positive. After the first 5-6 weeks, the pathogen was able to be recovered from mefenoxam-treated tissue. These results generally agree with finding of other researchers who examined the efficacy of various fungicides for reducing lesion size in foliar infections, mostly in detached leaf experiments. Linderman and Davis (7) tested 12 fungicides sprayed on Rhododendron x 'Nova Zembla' and then selected leaves were detached, wounded, and inoculated. They found mefenoxam to be the most effective fungicide for reducing lesion area, with propamocarb and fosetyl-Al not differing from the control. A test comparing the effect of using detached leaves versus intact Rhododendron plants showed significant interactions among method, isolate and pesticide. In a test of long-term persistence of mefenoxam, when leaves from fungicide-treated plants were detached and inoculated, reduced lesion size was seen for 6 weeks after treatment, with the effect waning by 8 weeks. Chastagner et al. (2) tested 19 fungicides on detached leaves of Rhododendron x 'Nova Zembla' plants; Maneb, Gavel, Subdue MAXX, Ranman, Stature DM, and Dithane were the most effective treatments in controlling disease development on both wounded and non-wounded rhododendron leaves. Tjosvold et al. (18) tested 13 fungicides or fungicide combinations for pre-and postinfection control of ramorum blight on whole Rhododendron plants and found the best preventative control with mefenoxam, dimethomorph, fenamidone, and pyraclostrobin. In experiments to determine residual effects of various fungicides, they found that treatment with mefenoxam yielded low recovery of the pathogen from leaf lesions when applied up to 14 days before inoculation. However, in studies of fungicides applied to plants postinfection, they did not see inhibition of lesion development and recovery of the pathogen from diseased leaves was generally successful.
In the current study fosetyl-Al had no effect on recovery of the pathogen from infected foliage of Rhododendron. Heungens et al. (4) evaluated the efficacy of 13 different fungicides against P. ramorum on intact Rhododendron and found that as protectants, the most effective fungicides were metalaxyl, cyazofamid, and benthiavalicarb-isopropyl; dimethomorph and fosetyl-Al had intermediate effects. These fungicides in curative fungicide treatments applied 2 days after zoospore inoculation were less effective. No problems were reported with the isolation of P. ramorum from lesions from any of the fungicide-treated plants.
Sporulation from roots was inhibited by a soil drench of mefenoxam, and to some extent by fosetyl-Al. The effect of six fungicide formulations on sporulation from foliage was examined by Orlikowski (8) , not only in terms of whether they reduced lesion size in tests of whole plants in greenhouse trials but also whether they reduced production of sporangia and chlamydospores from treated foliar tissue. He found that all tested compounds inhibited sporangium development in vitro. Lesion size was reduced on inoculated plants with both pre-and postinoculation spraying, and furalaxyl was most effective. When leaf tissue was taken from plants 7 day after spraying and sporulation was induced, fenamidone + phosetyl Al and oxadixyl + mancozeb were the most effective in reducing sporulation as well as the formation of chlamydospores. The effect of metalaxyl on roots is Phytophthora parasitica var. nicotiana on tobacco roots was studied by Staub and Young (17) ; they found that if it was applied 48 h after infection, lesions would develop but expand slowly and the production of sporangia on infected roots in water was strongly inhibited.
Detection of quarantined pathogens is difficult if fungicides used in a nursery reduce visible symptoms, culturability of the pathogen, or the ability to detect propagules in runoff. A positive result from a P. ramorum-specific PCR assay or a Phytophthoraspecific ELISA test will not indicate whether the pathogen is still alive. These results show that use of mefenoxam makes it more difficult to culture P. ramorum from foliage or detect propagules from flow through water from root-infected nursery stock. Runoff from infected plants has been shown to be a means of spread in nurseries (5) and assays to look for propagules in runoff will probably be included in nursery protocols in the future. Nursery inspectors should recognize that fungicide programs will also affect root infection.
ACKNOWLEDGMENTS
Thanks to John G. Phillips of the North Atlantic Area Agricultural Research Service for help with statistics and to Karen Sechler for technical assistance. The U.S. Department of Agriculture prohibits discrimination in all programs and activities on the basis of race, color, national origin, age, disability, sex, marital status, familial status, parental status, religion, sexual orientation, genetic information, political beliefs, or reprisal, or because all or part of an individual's income is derived from any public assistance program. USDA is an equal opportunity provider and employer. Mention of trade names or commercial
FIGURE 4
Viable inoculum production from P. ramorum-infected roots of Viburnum tinus with or without application of propamocarb (1.5 ml/liter) as a soil drench at day 4: predicted and measured colony forming units (CFU)/pot after log transformation and analysis by a mixed model analysis of covariance. Data at each sampling time was compared using Least Squares Means and treatments followed by different letters differed significantly.
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